Abstract The purpose of this study was to determine if individuals with Parkinson's disease (PD) demonstrate abnormal respiratory events when swallowing thin liquids. In addition, this study sought to define associations between respiratory events, swallowing apnea duration, and penetration-aspiration (P-A) scale scores. Thirty-nine individuals with PD were administered ten trials of a 5-ml thin liquid bolus. P-A scale score quantified the presence of penetration and aspiration during the swallowing of a 3-oz sequential bolus. Participants were divided into two groups based on swallowing safety judged during the 3-oz sequential swallowing: Group 1 = P-A B 2; Group 2 = P-A C 3. Swallows were examined using videofluoroscopy coupled with a nasal cannula to record respiratory signals during the event(s). Findings indicated that expiration was the predominant respiratory event before and after swallowing apnea. The data revealed no differences in our cohort versus the percentages of post-swallowing events reported in the literature for healthy adults. In addition, individuals with decreased swallowing safety, as measured by the P-A scale, were more likely to inspire after swallows and to have shorter swallowing apnea duration. Individuals who inspired before swallow also had longer swallowing apnea duration. The occurrence of inspiratory events after a swallow and the occurrence of shorter swallowing apnea durations may serve as important indicators during clinical swallowing assessments in patients at risk for penetration or aspiration with PD.
expiration serves to expel penetrant(s) that may enter the airway as the laryngeal vestibule descends to its rest position. In healthy adults, this pattern is stable across bolus consistencies [11, 13] and with thin liquid boluses that range in size from 3 to 20 ml [6] [7] [8] [10] [11] [12] . As bolus size increases, the respiratory pattern changes, with an increased amount of inspiratory events [11, 12, 14] . Swallowing impairment is a common sequela of Parkinson's disease (PD), likely resulting from disruption of both volitional and autonomic control of the quality and timing of oral and pharyngeal movements across all swallowing phases. In addition, respiratory impairment (be it obstructive or restrictive) can be evidenced in 28-85% of individuals with PD [15] [16] [17] [18] [19] [20] . This combination of respiratory and swallowing impairment associated with PD may manifest as a disrupted respiratory-swallowing pattern [21] [22] [23] .
Pinnington et al. [22] examined the respiratory patterns associated with swallowing a 5-ml thin liquid bolus in 12 persons with PD (H&Y II-V) and 14 healthy controls using the Exeter Dysphagia Assessment Technique (EDAT) [24] [25] [26] and found a significant difference in the percent of swallows that were followed by expiration, with 99% of swallows followed by expiration in healthy subjects and 80% of swallows followed by expiration in those with PD. For those with PD, 18% of swallows were followed by inspiration and 2% of swallows were followed by a brief period of apnea [21, 22] . More recently, Gross et al. [23] studied swallowing patterns using a nasal cannula, respiratory inductance plethysmography, and surface electromyography (sEMG). These authors tested swallowing of pudding and cookie boluses in 25 individuals with PD and 25 healthy controls. Participants with PD had more occurrences of inspiration than healthy controls, both before and after swallows and regardless of bolus type. Moreover, unlike the healthy controls, individuals with PD did not demonstrate an increase in swallowing apnea duration during swallows initiated on inspiration, possibly because of respiratory compromise or a disruption in the signal from the brainstem (which modifies respiratory pattern based on sensory input) [27] . To date, no studies have used videofluoroscopy, coupled with a respiratory signal from a nasal cannula, to describe respiratory-swallowing events in those with PD. Videofluoroscopy defines temporal measures of swallowing [6, [28] [29] [30] [31] [32] and describes the coordination of these temporal events with respiration [6, 7, 14, [33] [34] [35] [36] [37] [38] . Videofluoroscopic studies of healthy individuals provide a foundation for comparison of swallowing abnormalities associated with PD, including disturbances of movement and timing within the oral and pharyngeal phases of swallowing as well as the occurrence of penetration and/or aspiration [21, [39] [40] [41] [42] [43] [44] [45] [46] [47] . The increased risk of penetration or aspiration during post-swallow inspiration supports the use of videofluoroscopy [28] because this technology allows for real-time observations of oral and pharyngeal dysfunction, penetration or aspiration, and associated respiratory events.
The current study compared the respiratory events accompanying a 5-ml thin-bolus swallow by individuals with PD with that of healthy older adults. It was hypothesized that individuals with PD would demonstrate more inspiratory than expiratory events before and after the swallow. This study also sought to determine the relationship between these observed respiratory events and penetration-aspiration (P-A) scores as well as duration of apnea for the 5-ml thin bolus. It was hypothesized that swallows followed by expiration would be significantly and positively correlated with P-A scores that reflect a ''safe'' swallow (P-A score B 2) and would be related to longer durations of apnea. Furthermore, swallows followed by inspiration would be significantly and positively correlated with ''unsafe'' swallow (P-A score C 3) and shorter durations of apnea in persons with PD.
Methods
Thirty-nine participants (29 males and 10 females; mean age = 67.8 years, SD = 9.28 years) with idiopathic Parkinson's disease (IPD), referred from the University of Florida (UF) and Malcom Randall Veteran's Affairs (VA) Movement Disorders Center in Gainesville, FL, were included in this study. Participants were recruited as part of a larger randomized clinical trial testing the effects of expiratory muscle strength training on swallowing function in PD. All participants signed an informed consent form approved by the UF and VA Institutional Review Boards (154-2003 and 195-2005) prior to enrollment. Following informed consent, a UF Movement Disorders neurologist completed a clinical assessment of each individual's PD disease severity, making the diagnosis of PD based on UK Brain Bank Criteria [48] . Participants with Hoehn and Yahr (H&Y) [49] scores of II-IV in the ''on dopaminergic'' state were included. All participants were receiving benefit from an antiparkinsonian medication (i.e., Carbidopa/Levodopa, a dopamine agonist, an MAO-B inhibitor, and/or Amantadine) and verbally reported swallowing disturbances (i.e., reports of coughing/choking with meals, increased eating duration) prior to enrollment.
Additional inclusion criteria for participation included being 35-85 years old and having a score of at least 24 on the Mini-Mental State Examination [50] . Exclusion criteria were a history of other neurologic disorders, head and neck cancer, gastrointestinal disease, previous gastroesophageal surgery, chronic and acute cardiac disease, untreated hypertension, heart disease, smoking in the past 5 years, history of breathing disorder or disease, failure to pass a screening test of pulmonary functioning (e.g., FEV 1 / FVC \ 75%), or other neuropsychological disturbance such as severe depression or dementia.
Instrumentation
Videofluoroscopy was used to examine swallowing function. The recordings were conducted in a standard fluoroscopic suite. Participants sat upright and were recorded in the lateral plane using a properly collimated Phillips Radiographic/Fluoroscopic unit a 63-kV, 1.2-mA output with a full field-of-view mode. The field of view included the lips and teeth anteriorly, nasal spine superiorly, cervical spine posteriorly, and upper esophageal sphincter inferiorly. Fluoroscopic images were digitally recorded at 29.97 frames per second using a scan converter (Kay Elemetrics Swallowing Signals Lab, Kay Elemetrics, Lincoln Park, NJ). Videofluoroscopic recordings were made with a resolution of 60 fields (30 frames) per second. Therefore, the resolution for determining measurements using digital video recordings was approximately 17 ms per digital field. Nasal respiratory flow was captured using a standard, 7-ft nasal cannula coupled to the Swallow Signals Lab. A respiratory tracing at 250 Hz was used to generate a digital display of both the respiratory phase and duration of the apneic pause during swallowing. Participants completed ten 5-ml trials of thin liquid (Liquid E-Z Paque Barium Sulfate Suspension; 60% w/v, 41% w/w; from E-Z-EM) and one 3-oz sequential thin liquid barium swallow by cup. All participants self-fed in order to closely replicate ''natural'' feeding conditions. Participants were prompted by the investigator to ''place the liquid in [your] mouth and swallow when ready.'' Outcome Measures A licensed and certified speech pathologist with expertise in the evaluation of patients with PD and blinded to participant identity generated P-A scores for each participant and analyzed all data for expiratory and inspiratory events related to a swallowing cycle, swallowing apnea duration, and P-A score. A second rater with similar credentials completed reliability on 20% of the data set.
Physiologic Measures
Respiratory events occurring before and after swallowing apnea were interpreted from the Kay Elemetrics Signal Lab output and completed for each of the 5-ml thin liquid swallows. The polarity of the respiratory signal determined airflow. Positive polarity represented expiratory events and negative polarity represented inspiratory events. Swallowing apnea was represented by a plateau of the airflow signal along the x axis with duration measured in milliseconds. An examiner placed measurement tags at swallowing events and later the tags for calculation of oral transit time, pharyngeal transit time, and total swallowing duration.
Functional Measures of Swallowing P-A scale score [51, 52] was used to quantify the presence of penetration and aspiration during the swallowing of the 3-oz sequential bolus. The P-A scale (Table 1) 
Rater Reliability
To test the inter-and intrarater reliability of the primary respiratory-swallow outcomes, 20% of the waveform data was reanalyzed.
Statistical Analysis
Descriptive statistics were used to define the type of respiratory events (inspiratory versus expiratory) that occurred before and after swallowing apnea. Pearson r correlations assessed the relationships between these respiratory events before and after swallowing apnea and swallowing apnea duration. Initially, the data were analyzed without averaging across events (all ten swallowing trials of 5-ml thin liquid were analyzed individually) and then averaged across trials. Pearson r correlations were conducted with the collapsed trial data to determine relationships between respiratory events before and after swallowing, swallowing apnea duration, and P-A score 
Results
Interrater and intrarater reliabilities were calculated, yielding intraclass coefficients of 0.84 (95% CI = 0.77, 0.88) and 0.85 (95% CI = 0.79, 0.89). Table 2 summarizes the frequencies of respiratory events associated with swallows for all patients. In brief, expiration preceded swallowing apnea 70.1% of the time and followed apnea 86.4% of the time. Inspiration preceded swallowing apnea 29.9% of the time and followed apnea 13.6% of the time.
Respiratory events, swallowing apnea duration, oral transit times, and total swallowing duration were then averaged across trials. A significant positive correlation was found between swallowing apnea duration and preswallowing respiratory events (r = 0.357, p \ 0.001). In addition, a significant positive correlation existed between oral transit time and both preswallowing respiratory events (r = 0.171, p = 0.001) and post-swallowing respiratory events (r = 0.177, p \ 0.001). P-A score and respiratory events were averaged across trials and collapsed across groups. There was significant correlation between P-A score and a post-swallowing respiratory event (r = 0.590, p \ 0.001). Group 2 (those with less safe swallows and higher P-A scores) had significantly more inspiratory events post-swallowing (t = -2.253, df = 36, p = 0.03; Table 3 ).
Discussion
The data from this study suggest that expiration is the predominant respiratory event that occurs both before and after swallowing apnea in patients with PD when swallowing 5-ml thin boluses. In addition, significant positive relationships were uncovered between respiratory events, swallowing apnea duration, and P-A scores. Preswallowing inspiratory events were positively related to longer durations of swallowing apnea. Post-swallowing inspiratory events were positively related to shorter swallowing apnea durations and higher P-A scores. Inspiratory events, both before and after the swallow, were positively related to longer oral transit times. To further investigate the relationship of swallowing safety with swallowing apnea, individuals were divided into two groups based on P-A score. Individuals with P-A scores of 1-2 (Group 1) were designated as non-penetrator-aspirators and those with P-A scores of 3-8 (Group 2) were designated as penetrator-aspirators. The penetrator-aspirators demonstrated significantly shorter swallowing apnea durations compared to the non-penetrator-aspirator group.
The initial analysis of the swallows of the 39 individuals with PD revealed that 70.1% (232/331) of swallows were preceded by expiration and 86.4% (293/339) of swallows were followed by expiration. It was hypothesized that in participants with PD there would be an increased percentage of swallows followed by inspiration. Although the present study did not include a healthy control group, individuals in the current study generated about 6-7% fewer swallows followed by expiration compared to a similar study conducted by Martin-Harris et al. [7] , which described the respiratory swallowing events associated with a 5-ml thin bolus in 76 healthy individuals. Additional studies using comparable methodology have generated similar results [8, 9] . Previous investigations of breathing and swallowing coordination in individuals with PD compared with healthy controls have observed significant differences in respiratory events surrounding a swallow [22, 23] . Caution should be used when comparing results of these studies with those of the present study because the different bolus types utilized could potentially impact the swallowing and respiratory events. The present investigation also sought to determine the relationship between respiratory events, swallowing apnea duration, and P-A scale scores. Swallows initiated during inspiratory events were positively related to longer swallowing apnea durations. It is possible that participants who inspired before the swallow had a disordered oral phase with decreased bolus control [21, [40] [41] [42] , resulting in longer swallowing apnea duration. This finding, however, is supported by an earlier investigation [23] . In that study, healthy adults produced significantly longer swallowing apnea durations with cookie and pudding boluses when swallows were initiated in inspiration; this pattern was not observed in PD. The type of bolus may account for the different findings between the Gross et al. [23] study and the present study, which used a 5-ml thin liquid bolus. Therefore, we cannot conclude that the presence of PD alone gives rise to longer swallowing apnea durations.
Post-swallowing inspiratory events were positively related to shorter swallowing apnea durations as well as higher P-A scores. Shorter swallowing apnea duration followed by inspiration supports a possible relationship between respiratory events and swallowing severity in PD. Poor bolus containment, premature spillage of liquid into the valleculae and pyriform sinuses, and delayed swallowing reflex [39, 40, 42, 45] have been reported in PD. Participants who demonstrated penetration or aspiration (P-A score = 3-8) were also likely to have shorter durations of swallowing apnea. Morton et al. [53] studied the relationship of pharyngeal dwell time and aspiration in individuals with dysphagia of varied etiologies. They found that among those who aspirated, a greater percentage of the pharyngeal dwell time occurred in inspiration. Inspiratory events coupled with the presence of residue in the pharynx leave the airway more susceptible to aspiration events. Shortened swallowing apnea duration may be related to the delay in triggering the swallowing reflex. Individuals with greater impairment of the swallowing function, resulting in shortened swallowing apnea duration, may also experience poor integration of the swallowing and respiratory signals, thereby increasing aspiration risk.
Continued investigation into the relationship between post-swallowing inspiration and swallowing severity, including objective temporal measures, hyoid displacement, and qualitative observations or oral bolus manipulations, is warranted. It may be that swallowing severity is also related to higher P-A scores or less safe swallows. The finding that inspiratory events after swallowing were positively related to higher P-A scores supports past observations that post-swallowing inspiration is associated with decreased swallowing safety [1, [6] [7] [8] [9] [10] [11] [12] [13] [14] 54 ].
Limitations
The current study did not include a healthy age-matched control group. Inclusion of such a group would allow further discussion of the effects of neurodegeneration on respiratory-swallowing events. This limitation was addressed in part by comparing the current results to those of the MartinHarris et al. study [7] , which employed similar methodology and investigated respiratory events surrounding the swallowing of a 5-ml thin bolus in healthy adults. In addition, whereas respiratory-swallowing patterns and swallowing apnea measures were determined from the multiple 5-ml thin bolus presentations, P-A scores were determined from a 3-oz sequential thin liquid trial. This allowed for the identification of participants who were at risk for penetrationaspiration but restricted the direct comparison of swallowing pattern and swallowing safety. This study used a nasal cannula signal as the single source of respiratory data. The validity of these measures would be enhanced by supplementation with respiratory plesthymography.
Conclusion
This study contributes to the growing literature of respiratory-swallowing coordination in impaired populations, specifically patients with PD. To our knowledge, this is the first study in PD patients to examine respiratory events associated with swallowing utilizing videofluoroscopy and the P-A scale. In individuals with mild to moderate PD severity (H&Y II-IV), expiration is the predominant event, occurring after approximately 70% of swallows. Comparison of the present results with those of prior investigations of healthy adults suggests that individuals with PD follow a greater percentage of swallows with an inspiratory event. When considering post-swallowing inspiration and swallowing safety, individuals with P-A scores of 3-8 showed a greater predominance of inspiratory events occurring after a swallow. In addition, those with decreased swallowing safety also showed shorter swallowing apnea durations. The occurrences of (1) inspiratory events after a swallow and (2) shorter swallowing apnea durations may serve as important indicators during clinical swallowing assessments in patients at risk for penetration or aspiration.
